INTRODUCTION
Chromosome segregation and the final events of mitosis are initiated by the anaphase-promoting complex or cyclosome (APC), a ubiquitin-protein ligase that polyubiquitinates important cellcycle components and thereby targets them for destruction by the proteasome (Peters, 2006; Thornton and Toczyski, 2006) . A key target of the APC is securin, the destruction of which triggers the activation of a protease, separase, that drives sisterchromatid separation (Nasmyth, 2002) . The other major targets of the APC are the mitotic cyclins. Cyclin destruction leads to inactivation of cyclin-dependent kinases (Cdks), thereby allowing dephosphorylation of Cdk targets and the completion of late mitotic events (Sullivan and Morgan, 2007) .
APC activation in mitosis depends on its sequential association with a pair of related activator proteins, Cdc20 and Cdh1. APC activators are thought to act, at least in part, by recruiting substrates to the APC core for ubiquitination. Cdc20 and Cdh1 both recognize specific sequence motifs, such as the destruction box and KEN box, that are present on APC targets and required for their destruction (King et al., 1996; Pfleger and Kirschner, 2000) . The APC is first activated in early mitosis by Cdc20, leading to the destruction of a small group of Cdc20-specific APC substrates, including securin and cyclins, that control anaphase events. After anaphase, Cdc20 is replaced by the second activator, Cdh1, which maintains APC activity for the remainder of mitosis and through the following G1. Cdh1 broadens the substrate specificity of the APC, resulting in the destruction of several late mitotic regulators that are not targeted by APC Cdc20 . The two-step activation of the APC, first by Cdc20 and then by Cdh1, depends on fundamental differences in the way that mitotic Cdks govern activator function. Cdks promote Cdc20-dependent APC activation: phosphorylation of APC core subunits by Cdks in early mitosis stimulates Cdc20 binding, leading to APC Cdc20 activation in metaphase or earlier (Kraft et al., 2003; Rudner and Murray, 2000; Shteinberg et al., 1999) . In contrast, Cdh1 function is inhibited by Cdks, which directly phosphorylate Cdh1 at multiple sites and thereby block its ability to bind the APC (Jaspersen et al., 1999; Zachariae et al., 1998) . Thus, when APC Cdc20 -dependent destruction of cyclins leads to Cdk inactivation in anaphase, the resulting dephosphorylation of Cdh1 promotes its activation. Cdh1 remains active until Cdk activity rises at the beginning of the next cell cycle.
The activation of Cdh1 by dephosphorylation depends not only on inactivation of Cdks but also on phosphatases that remove the inhibitory phosphates. The phosphatase responsible for Cdh1 activation is best understood in the budding yeast Saccharomyces cerevisiae. In this species, the phosphatase Cdc14 is activated during late mitosis and is required for dephosphorylation of Cdh1 and other Cdk targets (D'Amours and Amon, 2004; Stegmeier and Amon, 2004; Sullivan and Morgan, 2007) .
Given the central importance of the APC in the initiation of chromosome segregation, it is essential that APC activation by Cdc20 and Cdh1 be robustly regulated. Part of this regulation depends on inhibitory proteins that bind APC activators at certain cell-cycle stages and thereby ensure the correct timing of APC activation (Peters, 2006) . When kinetochores fail to attach to the mitotic spindle, for example, the spindle assembly checkpoint proteins Mad2 and Mad3 bind Cdc20 and thereby block activation of APC Cdc20 until spindle assembly is complete (Musacchio and Salmon, 2007) . The mechanism of inhibition by Mad2 remains unclear, but Mad3 acts as a pseudosubstrate that occludes the substrate-binding site of Cdc20 (Burton and Solomon, 2007) . Another well-understood APC inhibitor is the vertebrate protein Emi1 and its homolog Rca1 of Drosophila (Grosskortenhaus and Sprenger, 2002; Reimann et al., 2001 ). Emi1 binds APC activators and competitively inhibits substrate binding (Miller et al., 2006) . In the cell, Emi1 levels first rise in late G1 and help suppress APC Cdh1 activity as the cell enters a new cycle (Hsu et al., 2002) ; Emi1 also suppresses the activity of APC Cdc20 complexes when they first form in early mitosis. In prometaphase, Emi1 phosphorylation triggers its ubiquitination by the ubiquitin ligase SCF, and the resulting Emi1 destruction contributes to APC Cdc20 activation (Hansen et al., 2004) .
Acm1 is an APC inhibitor that was recently identified in studies of Cdh1-associated proteins from S. cerevisiae (Dial et al., 2007; Martinez et al., 2006) . These studies suggested that Acm1 is an inhibitor of Cdh1 function in vivo and APC Cdh1 activity in vitro and that Acm1 may act by blocking the binding of Cdh1 to its substrates. Acm1 levels oscillate in the cell cycle, rising in late G1 and declining in mitosis, consistent with a function as an APC inhibitor. However, the precise function of Acm1 in the regulatory network governing late mitosis remains unclear. Through a combination of biochemical and cytological analyses, we find that Acm1 is a specific inhibitor of Cdh1 and not Cdc20 and that it contains pseudosubstrate sequences that are required for its inhibitory effects. Most importantly, we find that Acm1 contains a destruction box sequence that targets it for ubiquitination by APC Cdc20 , resulting in its disappearance in anaphase cells. The ability of Cdc20 to promote destruction of a Cdh1 inhibitor helps ensure the sequential activation of Cdc20 and Cdh1 in late mitosis.
RESULTS

Acm1 Is a Specific Inhibitor of APC Cdh1
Acm1 is known to inhibit APC Cdh1 in vitro and in vivo, but its effects on APC Cdc20 are not known. We therefore measured the effects of Acm1 on the activities of APC Cdh1 and APC Cdc20 in vitro, using budding yeast securin (Pds1) as substrate. We found that Acm1, produced by translation in reticulocyte lysates, was a potent inhibitor of APC Cdh1 activity in vitro but had no effect on ubiquitination by APC
Cdc20
, suggesting that it is a specific inhibitor of Cdh1 ( Figure 1A) .
We explored the specificity of Acm1 further by analyzing its binding to APC activators. Cdh1 and Cdc20 were translated in vitro with ZZ tags at their N termini and then immobilized on IgG beads. In control reactions, activators were labeled with 35 S-methionine to confirm that they were synthesized and bound to the beads in equal amounts (Figure 1B, top) . We then synthesized unlabeled activators and immobilized them on IgG beads in the presence of 35 S-methionine-labeled Acm1. After washing the beads, analysis of the immunoprecipitates revealed that Acm1 interacted specifically with Cdh1 and not Cdc20, consistent with our APC assays showing Cdh1-specific inhibition ( Figure 1B , bottom). These results also demonstrated direct binding of Acm1 to Cdh1 in the absence of the APC. The affinity of the Acm1-Cdh1 interaction is clearly much higher than that of the interaction between Cdh1 and its substrates. For example, securin binding to Cdh1 was not detectable in parallel experiments (data not shown).
A Pseudosubstrate Region of Acm1 Is Required for Its Inhibitory Activity
We next examined the contribution of different regions of Acm1 to its inhibitory activity and binding to Cdh1. Although only 209 residues in length, Acm1 contains many potential regulatory sequences, including three RxxL motifs that resemble the minimal destruction (D) box sequence of APC targets, a KEN box sequence also found in APC targets, and five full Cdk phosphorylation consensus sites (S/T*-P-x-K/R) ( Figure S1 available online). Alignment of the Acm1 sequence with those of closely related proteins in other Saccharomyces species suggests that the KEN motif and the first and third RxxL motifs have been conserved in evolution ( Figure S1 ). Previous work suggested that Acm1 inhibits the binding of Cdh1 to its targets (Dial et al., 2007; Martinez et al., 2006) . Given the abundance of destruction motifs in its sequence, we hypothesized that Acm1 is a pseudosubstrate inhibitor that binds tightly to substrate-binding sites on Cdh1. To address this possibility, we produced various deletion mutants of Acm1 by translation in vitro and tested their ability to inhibit APC Cdh1 activity ( Figure S2 ; summary of results in Figure 2 ). Deletion of the Nterminal 45 residues had no effect, indicating that the first RxxL motif (residues 8-11) is not required for the inhibitory activity of Acm1. A fragment including only residues 46-134 retained full inhibitory activity, focusing our attention in this region. Additional deletion analyses revealed that one critical inhibitory site in this region lies between residues 98 and 122 and contains the two other RxxL motifs and KEN box (Figure 2) . Deletion of the poorly conserved second RxxL motif (residues 111-114) had no effect, but the inhibitory activity of Acm1 was abolished by replacement of the KEN box with three alanines or by deletion of the well-conserved third RxxL motif (residues 119-122) ( Figure 3A ). Point mutations in the KEN box and third RxxL motif also caused major losses of Acm1 inhibitory activity ( Figure 2 ). To confirm that loss of Acm1 inhibitory activity in vitro corresponds to a loss of function in vivo, we tested the ability of Acm1 mutants to inhibit APC Cdh1 in yeast cells. Overexpression of a Cdh1 variant bearing mutations in its Cdk phosphorylation sites (Cdh1-m11) is lethal (Zachariae et al., 1998) . This lethality can be suppressed by co-overexpression of ACM1 (Martinez et al., 2006) . We found that the ability of Acm1 to suppress lethality was abolished by deletion of residues 98-122, mutation of the KEN box, or deletion of the third RxxL motif ( Figure 3B ), confirming the critical function of this region. We also tested the effects of mutations in Acm1 on its ability to bind Cdh1, using the binding assay described earlier (see Figure 1B ). Interestingly, binding was not greatly affected by mutation of the KEN or third RxxL motifs, and deletion of the entire inhibitory region (98-122) had only moderate effects on Acm1-Cdh1 binding ( Figure S3 ; summarized in Figure 2 ). Analysis of dissociation rates with these mutants confirmed that the KEN and RxxL mutants retained much of the affinity of the wild-type Acm1 protein, which did not dissociate significantly over a 2 hr time course. Deletion of residues 98-122 increased the dissociation rate only moderately ( Figure 3C ). In addition, an Acm1 fragment containing the central inhibitory region and adjacent C-terminal sequences (residues 89-168) failed to bind Cdh1 tightly or have a significant effect on APC Cdh1 activity ( Figure S3 and Figure 2 ).
These results indicated that regions outside residues 98-122 of Acm1 make important contributions to Cdh1 binding. Studies of additional deletion mutants ( Figure 2 ) suggested that one potentially important region lies amino-terminal of the KEN box sequence. An N-terminal fragment containing residues 1-97 exhibited a low level of inhibitory and binding activity, suggesting that a Cdh1-binding site exists in this region. Deletion of the 59 Nterminal residues of Acm1 did not reduce its inhibitory activity, whereas deletion of 69 residues greatly reduced activity (Figure 2) . We therefore conclude that the high-affinity binding of Acm1 to Cdh1 depends on at least two interactions: one involving the central KEN/RxxL region between residues 98 and 122 and another interaction that involves the region around residues 60-70. Interestingly, the latter region, like the former, has been well conserved in evolution ( Figure S1 ).
Acm1 Localization Is Regulated during the Cell Cycle by Cdk1
Acm1 protein levels are known to oscillate during the cell cycle, rising first in late G1 (when ACM1 is first transcribed) and then decreasing during mitosis, slightly earlier than the cyclin Clb2 Figure S4 for representative data. (E) Ubiquitination by APC Cdc20 was measured by incubating 35 S-methioninelabeled Acm1 mutant (synthesized by translation in vitro of PCR-amplified DNA) in an APC Cdc20 reaction as described in Figure 5A . (Dial et al., 2007; Martinez et al., 2006) . We explored the regulation of Acm1 further by using single-cell analyses to asses its levels and subcellular localization at different cell-cycle stages.
We constructed an acm1D strain with an integrated plasmid carrying ACM1 (tagged at its C terminus with Myc epitopes) under the control of its own promoter. Interestingly, when Acm1 first appeared in late G1 cells, it was localized primarily in the nucleus but then became diffusely localized throughout the cell during progression through S phase and early mitosis (Figures 4A and 4B) . Acm1 was abundant in cells containing short preanaphase spindles but was absent from anaphase cells, suggesting that most of the protein is destroyed in anaphase. The dispersal of Acm1 from the nucleus as cells progressed from G1 to S phase suggested that its localization might be controlled by cell-cycle regulators. An interesting possibility was that Acm1 localization is governed by Cdk1 activity, which rises in late G1 and remains elevated until cyclins are destroyed in late mitosis. As mentioned earlier, Acm1 contains five highly conserved Cdk1 consensus phosphorylation sites ( Figure S1 ), and in our previous work we identified Acm1 as an excellent Cdk1 substrate in vitro (Ubersax et al., 2003) . We therefore analyzed the localization of a nonphosphorylatable Acm1 mutant (Acm1-5A) in which all five Cdk1 sites were changed to alanine ( Figures  4B and 4C ). Like the wild-type protein, Acm1-5A first appeared in late G1. Strikingly, however, it remained in the nucleus throughout the cell cycle and then disappeared in mitosis. In addition, Acm1-5A was degraded earlier than the wild-type protein: not only was it absent from anaphase cells but it was also absent from many cells containing short preanaphase spindles, arguing that phosphorylation normally delays Acm1 degradation.
We also found that Acm1 is diffusely localized in nocodazolearrested cells, in which Cdk activity is very high (Figures 4C and  4D) . Overexpression of the anti-Cdk1 phosphatase Cdc14 in these cells caused Acm1 to localize primarily inside the nucleus, consistent with the notion that dephosphorylation of Cdk1 sites on Acm1 promotes its accumulation in the nucleus.
Acm1 Is a Substrate of APC Cdc20
The disappearance of Acm1 in anaphase raised the possibility that it is targeted for destruction by APC Cdc20 . We first investigated this possibility by testing Acm1 as a substrate of APC , extensive ubiquitination was observed, suggesting that Acm1 is indeed an APC Cdc20 substrate.
We next identified the sequence in Acm1 that is required for targeting by Cdc20. We found that the central inhibitory region of Acm1, which contains multiple destruction motifs as described earlier (residues 98-122), is not required for Cdc20-dependent ubiquitination in vitro (Figure 2 ). However, deletion of the highly conserved D box at the N terminus of Acm1 (residues 8-11, termed the Acm1-Ddb mutant) greatly reduced ubiquitination by APC Cdc20 in vitro ( Figure 5A ), suggesting that this is the key determinant of Acm1 destruction. Acm1-Ddb was still S-methionine-labeled securin in the presence of increasing amounts of translation mixture containing Acm1 or Acm1 mutants as indicated. To control for small differences in the translation efficiency of different mutants, mutants were also synthesized in parallel reactions with 35 S-methionine, and in the quantification at bottom the amounts of lysate were adjusted accordingly. (B) Strains expressing CDH1-m11 from the galactose-inducible GAL1-10 promoter were transformed with plasmids expressing galactose-inducible ACM1-TAP or the indicated ACM1 mutants. Expression of CDH1-m11 and the ACM1 mutants is repressed on dextrose medium but induced on galactose medium. Expression of the Acm1 mutants alone had no impact on cell growth, and equivalent expression of the Acm1 variants was confirmed by western blotting (data not shown). (C) ZZ-tagged Cdh1 was synthesized by unlabeled translation in vitro, mixed with 35 S-methionine-labeled wild-type or mutant Acm1, and incubated with IgG beads. After three rapid washes, samples were taken at the indicated times over a 2 hr time course at room temperature, and after each sample collection, another wash was performed. To control for dissociation of ZZ-Cdh1 from the IgG beads, a parallel experiment was performed by incubating 35 S-methionine-labeled ZZ-Cdh1 with IgG beads and carrying out the same series of washes. For the quantification in the bottom panel, the amount of bound Acm1 was adjusted to account for the slight dissociation of Cdh1-ZZ from the IgG beads.
fully capable of inhibiting APC Cdh1 both in vitro and in vivo (data not shown).
We constructed a yeast strain expressing an epitope-tagged version of the mutant ACM1-Ddb gene under the control of its own promoter. We analyzed Acm1 protein levels in cells released from a G1 arrest and then arrested again in the following G1 with mating pheromone. Deletion of the N-terminal D box resulted in a significant ($20 min) delay in the destruction of Acm1 ( Figures  5B and 5C ). Most importantly, analysis of Acm1 localization in these cells revealed that Acm1-Ddb was present in anaphase cells, whereas wild-type Acm1 was not ( Figure 5D ). These results are consistent with the possibility that Acm1 is destroyed in early anaphase as a result of ubiquitination by APC Cdc20 . If Cdc20-dependent degradation is prevented by mutation of the N-terminal D box, then Acm1 is destroyed after anaphase by some other mechanism (see below).
Acm1-Ddb is found in the nucleus of anaphase cells ( Figure 5D ). Considering our evidence that Cdk1-dependent phosphorylation reduces the nuclear accumulation of Acm1 (Figure 4) , this observa- (B) ACM1-myc9 and acm1-5A-myc9 cells were arrested in G1 with a factor and released into a synchronous cell cycle. Samples were collected every 20 min for analysis of budding, binucleate formation, and the presence of Acm1-myc immunofluorescence. Acm1-positive cells were further characterized to determine if Acm1 was exclusively nuclear (Nuc Acm1) or dispersed throughout the cell (Cyto Acm1). For clarity, the time course of budding is not shown here but was very similar to that shown in Figure 5C . (C) ACM1-myc9 and acm1-5A-myc9 cells were arrested in mitosis by nocodazole treatment, and immunofluorescence was performed to assess Acm1 localization. (D) ACM1-myc9 cells, carrying an integrated plasmid with CDC14 under the control of the GAL1-10 promoter, were blocked in mitosis by nocodazole treatment under noninducing conditions, followed by immunofluorescence analysis of Acm1 localization (top). CDC14 expression was induced by addition of galactose to the culture medium and immunofluorescence performed to assess Acm1 localization (bottom). tion suggests that Acm1 is dephosphorylated in early anaphase, perhaps as a result of cyclin destruction and the separasedependent activation of Cdc14 (Queralt et al., 2006; Stegmeier et al., 2002) .
We further addressed the timing and mechanism of Acm1 destruction by determining its levels and localization in cdc14-1 and cdc15-2 mutant cells, which arrest at the end of anaphase with high APC Cdc20 activity but no APC Cdh1 activity. After 2.5 hr incubation of mutant cells at the restrictive temperature, wild-type Acm1 was barely detectable in both strains, but the Acm1-Ddb mutant protein was present at high levels ( Figure 5E ), further supporting the notion that Acm1 is normally degraded in anaphase by a mechanism that depends on an interaction between the N-terminal D box and APC Cdc20 . Furthermore, Acm1-Ddb was dispersed throughout the cell in the cdc14-1 arrest, as expected if Cdc14-dependent dephosphorylation normally promotes Acm1 import into the nucleus ( Figure 5F ). In the cdc15-2 arrest, where separase-dependent Cdc14 activation has occurred (Stegmeier et al., 2002) , most Acm1-Ddb was in the nucleus.
Acm1 Is Both an Inhibitor and Substrate of APC Cdh1
We next addressed the mechanism underlying the disappearance of the Acm1-Ddb mutant protein after anaphase. The timing of Acm1-Ddb destruction, coupled with the evidence that it is not degraded in a cdc15-2 arrest, raised the possibility that Acm1-Ddb, despite its Cdh1-inhibitory activity, is ubiquitinated in vivo by APC Cdh1 at a rate that is sufficient to promote its destruction. To test this idea, we analyzed Acm1-Ddb protein levels during the cell cycle of cdh1D cells. It is difficult to arrest these cells with mating pheromone, and so we analyzed Acm1-Ddb levels after release from a cdc15-2 arrest in late anaphase. In the presence of wild-type CDH1, Acm1-Ddb levels dropped abruptly 45-60 min after release from the arrest and then rose again as the cells entered the next cell cycle ( Figures 6A and  6B ). In contrast, levels of Acm1-Ddb remained constant after release from the arrest in the cdh1D background, clearly demonstrating that destruction of the protein depends on APC Cdh1 . Acm1 appears to occupy the substrate-binding site on Cdh1 with high affinity, thereby competitively inhibiting the binding of other proteins at that site. However, some low rate of Acm1 ubiquitination might occur while it occupies that site, and inside the cell, this might lead to proteasome-dependent stripping of Acm1 from Cdh1. Indeed, we found that wild-type Acm1 and Acm1-Ddb were ubiquitinated at low but significant rates by APC Cdh1 in vitro, even under conditions where Cdh1 was fully occupied by Acm1 ( Figure S4 ; summarized in Figure 2 ). The rate of Acm1 ubiquitination by APC Cdh1 increased substantially after removal of various regions of Acm1, including the central inhibitory region (residues 98-122) and other regions at the N or C termini ( Figure 2 ). As many of these deletions reduce Acm1-Cdh1 binding affinity, we suspect that increasing the rate of dissociation of Acm1 from Cdh1 allows more rapid Acm1 turnover by the enzyme, thereby transforming Acm1 from a high-affinity inhibitor to a relatively low-affinity substrate. 
APC
Cdh1 is therefore capable of catalyzing the ubiquitination and thus destruction of its own inhibitor, which has interesting implications for the behavior of the late mitotic regulatory system (see Discussion). If Acm1 destruction in anaphase is an important determinant of the timing of APC Cdh1 activation, then delaying Acm1 destruction might result in delays in the destruction of APC Cdh1 targets.
However, we found that when ACM1-Ddb cells were released from a G1 arrest degradation of the Cdh1 target Clb2 was only slightly delayed ( Figure 6C ). There were no significant effects on the timing of destruction of other APC Cdh1 targets, including Cdc5. We suspect that Acm1-Ddb causes only minor delays in APC Cdh1 activation because the dephosphorylation of Cdh1 in anaphase results in sufficient APC Cdh1 activity to trigger Acm1-Ddb destruction.
DISCUSSION
Acm1 Is a High-Affinity Pseudosubstrate Inhibitor of Cdh1
Our work suggests that Acm1 is a Cdh1-specific inhibitor with a central role in the control of APC Cdh1 activation in late mitosis.
Considerable evidence suggests that Acm1 inhibits Cdh1 function by competitively inhibiting its interaction with APC targets. Previous work showed that deletion of ACM1 increases the binding of Cdh1 to its targets in vivo (Martinez et al., 2006) and that Acm1 reduces Cdh1-Clb2 binding (but not Cdh1-APC binding) in vitro (Dial et al., 2007) . Our work suggests that the inhibitory function of Acm1 depends on a central inhibitory region (residues 98-122) that contains sequence motifs that are very similar to known destruction motifs on APC targets. We speculate that these motifs interact with KEN and D box binding sites on Cdh1, thereby blocking the binding of other substrates. Thus, inhibition by Acm1 involves mechanisms that are much like those used by other APC inhibitors, such as Mad3 and Emi1 (Burton and Solomon, 2007; Miller et al., 2006) . The binding of Acm1 to Cdh1 depends not only on the central inhibitory region at residues 98-122 but also on another region in the vicinity of residues 60-70. This region includes a sequence (FMLYEETAEER) that is rich in aromatic and acidic residues and has been well conserved in evolution ( Figure S1 ). It seems likely that this region interacts with a conserved surface of Cdh1 that is adjacent to the KEN and D box-binding sites. In the context of wild-type Acm1, this region enhances Acm1-Cdh1 affinity and thereby makes Acm1 a more effective highaffinity inhibitor.
As discussed earlier (see Results), we found that when Acm1-Cdh1 affinity is reduced by partial deletion of Cdh1-binding sites on Acm1, Acm1 is changed from a Cdh1 inhibitor to a more efficient APC Cdh1 substrate. For example, an Acm1 fragment (residues 1-97) lacking the central inhibitory region is a poor Cdh1 inhibitor but an efficient substrate of APC Cdh1 . Thus, in the context of some Acm1 fragments, the Cdh1-binding region around residues 60-70 might serve as a ''destruction'' sequence that drives a low-affinity Cdh1 interaction that promotes ubiquitination. This finding has interesting implications for mechanisms of APC-substrate recognition. It is well known that D and KEN boxes are required but often not sufficient for APC recognition, suggesting that the APC also recognizes other, as yet unidentified, sequence motifs in its targets. Perhaps the region around residues 60-70 of Acm1 represents a version of such a motif. The Acm1-Cdh1 binding interaction is not only high in affinity but also very specific: Acm1 binds tightly to Cdh1, but not to the related activator Cdc20, suggesting that the pseudosubstrate and other binding motifs on Acm1 are highly specialized for Cdh1 binding. On the other hand, the N-terminal D box of Acm1 is remarkably specific for Cdc20 and seems to have no impact on Acm1 recognition by Cdh1. There are very few other known APC Cdc20 targets, and in most cases, it is thought that a single destruction sequence targets these proteins to both Cdc20 and Cdh1. Detailed analyses of the Cdh1-and Cdc20-specific binding regions of Acm1 might therefore provide important insights into the nature of activator-substrate interactions (Yu, 2007) .
Acm1 Localization and Destruction Are Governed by Phosphorylation
Our results reveal that Acm1 function in the cell is modulated by a remarkable array of regulatory mechanisms. These mechanisms include Cdk1-dependent phosphorylation and Cdc14-dependent dephosphorylation, which appear to influence the subcellular localization of Acm1. Acm1 contains five highly conserved Cdk1 consensus sites and is an excellent substrate for Cdk1 in vitro (Ubersax et al., 2003) . It localizes to the nucleus Figure 6 . APC Cdh1 Promotes the Destruction of Acm1-Ddb (A) ACM1-Ddb-myc9 cells carrying the cdc15-2 mutation, either with or without CDH1, were synchronized in late anaphase by growth at 37 C for 2.5 hr.
Cells were released back into the cell cycle by temperature downshift, and samples were taken every 15 min to measure Acm1 levels.
(B) Immunofluorescence analysis of Acm1 and tubulin was performed on cells from the experiment in (A), and the number of cells containing Acm1 or anaphase spindles was determined.
(C) ACM1 and ACM1-Ddb cells carrying Cdc5-myc9 were synchronized in G1 with a factor and released into a new cell cycle. At the indicated times, samples were taken for western blotting analysis of the levels of Clb2 and Cdc5-myc9.
in late G1, when Cdk1 activity is low, and the nonphosphorylatable Acm1-5A mutant localizes constitutively to the nucleus. CDC14 overexpression drives Acm1 into the nucleus, and nuclear accumulation is reduced in the cdc14-1 mutant. Finally, the Cdc20-resistant Acm1-Ddb mutant is imported into the nucleus at the onset of anaphase, as might be expected if separase-dependent Cdc14 activation, together with some cyclin destruction, triggers Acm1 dephosphorylation. We speculate that phosphorylation alters the relative rates of nuclear import and export of Acm1; for example, phosphorylation may block the function of some nuclear localization sequence on Acm1. It is known that phosphorylated Acm1 interacts with the 14-3-3 proteins Bmh1 and Bmh2 (Dial et al., 2007; Martinez et al., 2006) , and the binding of these proteins may interfere with nuclear import-much like phosphorylation-dependent 14-3-3 binding interferes with the nuclear import of the phosphatase Cdc25C in vertebrate cells (Yang et al., 1999) . What function might the import of dephosphorylated Acm1 serve? The APC activator Cdc20 is found primarily inside the nucleus (Jaquenoud et al., 2002) , and so the Cdc14-dependent dephosphorylation and thus nuclear import of Acm1 may promote its ubiquitination by nuclear APC Cdc20 (Figure 7 ). Consistent with this possibility, we found that the nonphosphorylatable Acm1-5A mutant was degraded earlier than the wild-type protein. Phosphorylation may also delay Acm1 destruction more directly: one of its Cdk1 phosphorylation sites lies next to its Nterminal D box, where it may interfere with Acm1-Cdc20 binding. It is known, for example, that phosphorylation of Cdk sites near the D box of human Cdc6 blocks its ubiquitination by APC Cdh1 (Mailand and Diffley, 2005) .
Acm1 Is a Key Component of the Late Mitotic Regulatory System
Acm1 serves as an important node in the complex regulatory network governing Cdh1 activation (Figure 7 ). Prior to anaphase, Acm1 acts together with Cdh1 phosphorylation to restrain APC Cdh1 activity and thus prevent the premature destruction of Cdh1-specific targets. As phosphorylated Cdh1 is thought to reside primarily in the cytoplasm (Jaquenoud et al., 2002) , an additional function of cytoplasmic Acm1 may be to simply prevent Cdh1 from binding and thereby disrupting the function of its cytoplasmic and bud neck targets, such as Clb2 and Hsl1 (Martinez et al., 2006) . APC Cdc20 catalyzes Acm1 ubiquitination, resulting in an abrupt decline in Acm1 levels at anaphase onset. This provides a clear mechanism by which APC Cdc20 promotes the activation of its successor, APC
Cdh1
. It is well known that Cdc20 also promotes Cdh1 activation through the destruction of mitotic cyclins (which activate the Cdks that phosphorylate Cdh1) and less directly through the activation of Cdc14 (which dephosphorylates Cdh1) (Figure 7) . APC Cdc20 -dependent Acm1 destruction thus joins Cdh1 dephosphorylation as the second major mechanism underlying APC Cdh1 activation. Although Acm1 is not essential for cell viability, and its destruction alone may not be a key determinant of the timing of Cdh1 activation, it is likely that the existence of two distinct Cdh1-activating mechanisms results in a more robust activation process.
Interestingly, our studies of the Acm1-Ddb mutant revealed that, when Cdc20-dependent Acm1 destruction is prevented, Cdh1 dephosphorylation triggers sufficient APC Cdh1 activation to promote Acm1 ubiquitination and destruction. We suspect, therefore, that Acm1, although present in large excess over Cdh1 in the cell (Martinez et al., 2006) , cannot completely restrain APC Cdh1 once Cdh1 dephosphorylation occurs (except when Acm1 is overexpressed, in which case it suppresses the ill effects of the unphosphorylated Cdh1-m11 mutant [Martinez et al., 2006] ). More importantly, the ability of APC Cdh1 to promote the destruction of its own inhibitor has major implications for the behavior of the regulatory circuits governing APC Cdh1 activity.
The mutually antagonistic relationship between Acm1 and Cdh1 generates a double-negative feedback loop-which is essentially the equivalent of a positive feedback loop (Figure 7 ). These regulatory loops have the potential to promote bistability in regulatory systems (Ferrell, 2002; Tyson et al., 2003) : in this case, for example, the Acm1-Cdh1 loop is predicted to generate a system in which Cdh1 switches completely between a stable state of low activity and a stable state of high activity. In fact, this system is already known to contain double-negative feedback because mitotic cyclins and Cdh1 are also mutual antagonists (Figure 7) . We therefore propose that the Cdh1 regulatory system includes a pair of interlinked double-negative feedback loops, which together produce a bistable system ensuring that APC Cdh1 activation is switch-like, robust, and irreversible (Brandman et al., 2005) . According to this scheme, Cdh1 is held during most of the cell cycle in a stable inactive state by Acm1 and Cdk1-dependent phosphorylation. When APC Cdc20 begins to remove both of these inhibitory mechanisms in anaphase, the partial activation of APC Cdh1 then allows it to gain the upper hand over its inhibitors, flipping the switch to a stable state of full APC Cdh1 activity. As is often the case in bistable systems with strong feedback, APC Cdh1 is predicted to remain in the on state even after the original trigger mechanism (APC Cdc20 activity) is removed in late mitosis.
Acm1 thus lies at the center of a complex web of regulatory interactions ( Figure 7) . As a target of both APC Cdc20 and APC Cdh1 , Acm1 helps ensure that APC Cdh1 is activated after APC Cdc20 , in a switch-like and robust manner. In addition, Acm1 integrates inputs from Cdk1 and Cdc14, and presumably from transcriptional regulators as well, to refine the spatial and temporal features of its regulation and behavior. The detailed dissection of these mechanisms promises to unveil interesting new features of late mitotic regulation and is also likely to provide insights into the operation of complex regulatory systems in general.
EXPERIMENTAL PROCEDURES Strains and Plasmids
All experiments were performed in the W303 budding yeast strain. Epitope tagging of endogenous genes and gene deletions was performed by gene targeting using polymerase chain reaction (PCR) products. The ACM1 gene, along with nine C-terminal Myc epitopes and 323 bp of the ACM1 promoter, was amplified from budding yeast and cloned to allow integration of ACM1-myc9 at either the LEU2 or URA3 locus. This plasmid was modified to generate ACM1-Ddb by removal of the coding sequence for amino acids 8-11 (RTIL). This plasmid was also modified to generate the Cdk-resistant form acm1-5A by mutagenesis of serines 3, 31, 48, and 102, plus threonine 161, to alanine. For in vitro APC assays, ACM1 or ACM1-Ddb was cloned into vector pME34, which contains a T7 promoter and a C-terminal ZZ tag. All other ACM1 fragments were generated by PCR without the ZZ tag. Strains with galactose-inducible expression of CDH1-m11 were generated by transformation of W303 with plasmid pRS303-CDH1-m11, which integrates at the HIS3 locus. The toxicity of CDH1-m11 expression can be suppressed by galactose-induced expression of ACM1-TAP from the centromeric plasmid pRS314-1234 (created by in vivo recombination). Mutant versions of Acm1 were generated by similar methods, and comparable expression was confirmed by western blotting.
APC Assays and Inhibition Assays E1, E2, and APC were expressed and purified as described previously . APC activators were transcribed and translated in vitro with TnT Quick Coupled Transcription/Translation Systems (Promega). Substrates (Pds1/securin and Acm1) were transcribed and translated in vitro from plasmids with 35 S-methionine and treated with 10 mM NEM (10 min) followed by 20 mM DTT (10 min) to inactivate ubiquitin chainextending activities in the reticulocyte lysate. For APC inhibition assays, unlabeled Acm1 was preincubated with APC activator for 10 min before addition to the APC assay (5 ml of TnT Acm1 with 2 ml TnT activator). APC assays were performed as described . Briefly, E1 (Uba1, 300 nM), E2 (Ubc4, 50 mM), ubiquitin (150 mM), and ATP (1 mM) were incubated for 15 min. APC (0.1-1 nM), substrate (2 ml of TnT mix into 15 ml reaction), and activator (2 ml of TnT mix into 15 ml reaction) were added. Reactions were incubated for the indicated times at room temperature, stopped by the addition of SDS sample buffer, separated by SDS-PAGE, and visualized and quantified with a Molecular Dynamics PhosphorImager (Amersham Biosciences).
Binding Assays ZZ-tagged activator was transcribed and translated in vitro from plasmids. Acm1 was transcribed and translated in vitro from PCR products in the presence of 35 S-methionine. Translated products were incubated with IgG-mag- Figure 3C , an additional wash was performed at each time point. Reaction products were separated by SDS-PAGE and visualized and quantified with a Molecular Dynamics PhosphorImager (Amersham Biosciences).
Immunofluorescence, Growth, and Antibodies Conditions for growth and release of synchronous cultures from arrest in G1 by a factor were performed as described previously (Loog and Morgan, 2005) . Western blot, budding counts, and immunofluorescence were performed as described previously (Sullivan et al., 2004) . The antibodies used were antitubulin YOL1/34 (Serotec), anti-HA clone 16B12 (Babco), anti-Clb2 (a kind gift of D. Kellogg), and anti-Myc clone 9E10 (Babco).
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